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Summary 


The spanwise distribution of bound circuiation on a semi-span wing anc 
the *Tow velocities in its wake were measured in a wind tunnel. vartiycucar 
attention was given to documenting the flow velocities in and eround th: 
develoning tip vortex. 4 two-component laser velocimeter was used to make 
the velocity measurements. This report presents, without discussion, tne 
spanwise distribution of bound circulation, three components of the timne- 


averaged velocities throuqhout the near wake and their standard deviations, 


and the integrated forces and moments on a metric tip as rr d by an 


gee 
4 | ts 


internal strain qage balance. 
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INTRODUCTION 


An experimental investigation «-cumenting the spanwise distribution of 
bound circulation and the flow velocities in the wake of a semi-span wing has 
been conducted in the 7- by 10-Foot Wind Tunnel at Ames Research Center. A 
two-component laser doppler velocimeter was used to make the measurements. 
The bound circulation at each spanwise location on the wing was obtained by 
measuring the velocities tanqent to a rectanquiar path enclosing the wing 
section (see references 1-3 for more details of the procedure). While in- 
vestigqating the characteristics of the wing wake, particular attention 
was given to measuring the flow velocities in and around the developing tip 


vortex. 


This experiment was the first in a series of experiments desiqned to 
investiqate the wake and loading characteristics of a hovering helicopter 
rotor. The next experiment in the series wil] document the spanwise load- 
ing and wake velocities of a model-scale hovering helicopter rotor. The 
twist distribution of the wing was desiqned such that the spanwise variation 
of bound circulation would nominally match that of the hovering mode} rotor 
blade. The helicopter rotor will be operated at full-scale tip soeeds and 
at a tip Reynolds number that matches that of the semi-span wing. The de- 
tails of the structure of the tip vortex and the spanwise variation of hound 
circulation in the two *¢osts will be compared. The objective is to determine 
if a non-rotating wing can be used as an analoque to a hovering helicopter 
rotor for rotor wake and loading investigations. There are several advan- 


tages to tastine a semi-span wing instead of a helicopter rotor if it can be 


demonstrated that the data obtained from the semi-span wing can he used to 


Oy One HE ae ene Ee 


improve our understanding of phenomenon associated with a hovering helicopter 
rotor. For example, it is more convenient to buiid and test larqe chord 
semi-span wings than rotor blades. As a consequence of the semi-span wing's 
larger size, finer details of the tip vortex structure can be resolved. 
Also, it is much easier to make measurements near a wing whose oosition is 
fixed than it is to make measurements near a rotor hiade operating at a tip 


speed of over 200 m/s. 


This report presents, without discussion or analysis, the data obtained 
in this test. Presented, in tables and plots, are the spanwise distribu- 
tion of bound circulation, three components of the time-averaged velocities 
throughout the near wake and their standard deviations, and the integrated 
forces and moments on the metric tip of the wing as measured by an internal 


strain gage balance. 


EXPERIMENTAL EQUIPMENT AND PROCEDURES 


Description of Model 

The semi-span wing had a rectanqular planform with a span of 1.524 m and 
a chord of 0.209 m. A portion of the wing, extending from the tip to 0.432 m 
(2.07 chords) inboard of the tip, was mounted on an internal six-component 
strain gage baiance to measure the forces and moments on the wing tip. The 
wing was mounted both horizontally and vertically in the wind tunnel during 
the test because the laser velocimeter was only capable of measuring stream- 
wise and vertical velocity components. Therefore, in order to measure the 


Spanwise component of velocity, it was necessary to also test the wing in the 


vertical position. The wing angle of attack in the vertical position was 


fi 
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adjusted to yield the same lift coefficient as the horizontal position, as 
measured by the internal strain gage balance. Figure 1 presents a photograph 
of the wing installed in the wind tunnel in the horizontal position. The 
view is looking downstream at the wing. Figure 2 presents a photograph of 
the wing installed in the vertical position, once again looking downstream. 
The tip of the wing was at the centerline of the wind tunnel for both the 
horizontal and vertical installations. Figure 3 presents an installation 
drawing showing a plan view of the wing installed in the horizontal posi- 
tion. Figure 4 is a drawing of the wing installed in the horizontal posi- 
tion, looking downstream. Figure 5 presents a view of the wing installed 
in the wind tunnel in the vertical position, once again looking downstream. 
A splitter plate was used when the wing was installed in the horizontal 
position so that 1.066 m (5.1 chords) of the wing extended into the wind in 


both the vertical and horizontal installations. 


The wing had a square tip, as if the wing had been sawed off (see 
fig. 1). The wing airfoil section was a V23010-1.58 with a 0° deflection 
trailing edge tab. The trailing edge tab was 4% of the chord and the airfoil 
thickness to chord ratio was 10.2%. The airfoil coordinates are qiven in 
table [. The wing was twisted nonlinearly from root to tip. Figure 6 presents 
the wing's angle of attack distribution across the span. The angle of attack 
was measured from the airfoil reference line (Z = O of table I). The anqle of 


attack was not varied during this test. 


Description of Balance 
The balance used to measure the forces and moments on the metric tip of 
the wing was a 6-component internal strain qaqe balance (Task Corp. MK XXIX-B). 
. Fiqure 3 shows the location of the balance and the halance moment center. 
The balance moment center was at the wing quarter-chord, halfway between the 
upper and tower surfaces of the wing, and 0.384 m inboard of the tip of the 


wing. 
Instrumentation, Data Acquisition and Reduction 


A laser velocimeter (LV) was used to nonintrusively measure the flow 
velocities in the wind tunnel. The LV system was of the dual-beam backscatter 
type and could simultaneously measure two components of the flow velocity 
(streamwise and vertical). The LV was the same instrument used in the 
investiqations of references 4-6, and the reader is referred to these papers 


for a detailed description of the LV. 


Data from the LV, the wing tip~mounted strain gage halance, and the wind 
tunnel dynamic pressure transducer were acquired by a minicomputer-based data 
acquisition system and stored on a floopy disk. The use of the minicomputer 
enabled the experimenter to evaluate the data being acquired on-line and 
repeat data points as required. The data acquisition system was the same one 
used in the investigations of refs. 4 and 6, and the reader is referred to 


these papers for a complete description of the system. 


| 

| At each point in the flow-field where the velocity was measured, 100 
samples of LV velocity data were acquired. From these 100 samples a mean 
and standard deviation were computed. The wing local section lift coeffi- 


. cient was computed by the circulation box technique (refs. 1-3). S8riefly, 


the circulation hox technique is based on Stoke's Theorem, which states that 
the total vorticity inside a closed contour is equal to the line integral of 
the tangential velocity around the contour. Thus, by measuring the tangen- 
tial flow velocities on the sides of a rectangular contour (box) surrounding 
awing section, the bound circulation at that section and, therefore, the 


lift coefficient can be calculated. 


The velocity was measured at 26 points on each side of the circulation 
box. Figure 7 presents a sketch of the circulation box around a wing sec- 
tion, showing the points where the velocity was measured and the coordi- 


nates of the corners of the box. 


Fiqure 8 presents a sketch of the coordinate system used in this test. 
The origin is at the intersection of the airfoil reference system z axis with 
the leading edge of the airfoil. The x axis is parallel to the free stream, 
the z axis is vertical, and the y axis is parallel to the wing quarter-chord 
line. It should be noted that this coordinate system was defined relative 
to the tip of the wina with the wind off. At the nominal test dynamic pressure 
of 2190 N/m2, the tip of the wing deflected up 0.009 m (0.043 chords) due to 
the lift load on the wing. No corrections to the data in this report have 


been made to account for this deflection. 
TEST CONDITIONS 


The test was conducted at a dynamic pressure of 2100 N/m2 + 3% and at 
atmospheric stannation pressure. The angle of attack was set to 6.57° at 


the metric break (2.97 chords inboard of the tip). The Reynolds number 


based on chord was 845,000 and the Mach number was 0.17. 


RESULTS 


The spanwise variation of section lift loading is presented in figure 9. 
Tabulated values are presented in table 2, Tabulated data from the internal 
strain gage balance are presented in table 3. The data are presented in non- 


dimensional coefficient form. 


CL = Lift/q Atip 

Cy = Drag/q Atip 
Cu = Pitching Moment/q Atjnc 

Cc = Rolling Moment/q Atipc 

Cy = Yawing Moment/q At ipc 


where c = the wing chord 


measured dynamic pressure, 1/2 0,2: and 


q 


Atip = the planform area of the wing tip 


For each run, the means and standard deviations of the forces and moments are 


presented. At least 10 samples of balance data were taken during each run. 


Note that this data represents forces and moments on the metric tip, and not 


of the entire wing. 


Wake Velocity Data 


An extensive survey of the flow velocities in the wing wake is 


presented in tabular form in appendix A. As previously noted, each point of 


velocity data is the mean of 100 samples, and the standard deviation associ- 


ated with the mean is also presented. The data in appendix A are organized 


by the streamwise location of the sub-plane, X/C, and then by sub-planes, 


"A" through "6". 


All of the velocity data in appendix A have been non-dimensionalized by the 
free-stream velocity, Uo. Data were acquired at 4 streamwise locations 
in the wing wake: 1.02, 1.8, 2.6, and 3.5 chords downstream of the wing 
leading edge. At each streamwise location at least 7 "“sub-planes" of data 
were acquired. The sub-planes were nominally centered on the wing tip 
trailing vortex and were “nested" such that each succeeding sub-plane pro-~ 
vides finer spatial resolution than the one preceding it. The sub-planes 
were labeled "A" through "G" with the “A“ plane being the largest. Figure 
10 presents a sketch of the wake velocity survey sub-planes showing their 
relative sizes and locations. An "A" plane is also shown on figs. 4 and 5 
illustrating the relative position of the plane. Figure 3 shows the stream- 
wise location of the wake velocity survey planes relative to the wing. 


Table 4 presents the nominal coordinates of the edges of the sub-planes, 


When the wing was mounted in the horizontal position, the streamwise 
velocity, U, and the vertical velocity, W, were measured. When the wing 
was mounted in the vertical position, the streamwise velocity, U, and the 
Spanwise velocity, V, were measured. Thus, to obtain all three compo- 
nents of the flow velocity the data from the horizontal and vertical instal- 
lations must be combined. This has been done for the data presented in 
appendix A For those sub-planes where the velocities were measured both in 
the hurizontal and vertical installtations, all of the velocity data is pre- 
sented. U(H) denotes the streamwise velocity measured in the horizontal 
installation and U(V) denotes the streamwise velocty measured in vertica) 
installation. Some sub-planes of velocity data were acquired for only one 


wing position, and this data lacks one component of the velocity. Note that 


several repeat runs were made for some sub-planes. 


A limited amount of data were acquired in an attempt to use the LV to 
measure the wing section profile draq from wake velocity defect measurements. 
These data are presented as "W", for "wake", sub-planes. In order to evaluate 
the repeatability of the velocity data, data were taken at the same location 


5 times. These data are presented as "R", for "repeatability" sub-planes. 


CONCLUDING REMARKS 


Nonintrusive measurements of the flow velocities in the near wake and 
the developing tip vortex of a Semi-span wing have been made. Additionally, 
the spanwise distribution of the hound circulation has been documented. 
These data should be useful for vaiidating any theory that calculates the 


development of the tip vortex. 
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APPENDIX A 


Wake Velocity Data 
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TABLE 1 
AIRFOIL COORDINATES 


Z/Cy 


>< 
~ 
fon] 


-0.0225 

-0.0078 

-0.0024 
0.0019 
0.0096 
0.0155 
0.0214 
0.0265 
0.0327 
0.0396 
0.0455 
0.0489 
0.0499 
0.0499 
0.0497 
0.049 
0.048 
0.0465 
0.0446 
0.0424 
0.9397 
0.0369 
0.0336 
0.0301 
0.6263 
0.0223 
0.0181 
0.0137 
0.0093 
0.0056 
0.0028 
0.00235 
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| . | 0.00235 | -0.00235 | 
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7/0; 


-0.0225 
-0.0329 
-0.0362 
-.0378 
-0.0394 
-0.0404 
-0.0412 
-0.042 
-0.0434 
-0.0449 
-0.0471 
-0.0494 
-0.0513 
-0.0522 
-0.05215 
-0.0517 
-1.0505 
-0.0487 
-0.0468 
-0.044 
-0.0412 
-0.038 
-0.0346 
-0.0308 
-0,0269 
-0.0226 
-0.0182 
-0.0136 
-1.0093 
-0.0057 
-0.0031 
-0,00235 


TABLE 2. SPANWISE YARIATION OF SECTION LIFT LOADING 
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TABLE 3. BALANCE DATA 


Horizontal Wing Position 


rolling 
moment , 
C 


pitching yawing 
Run # | | lift, aaa: | moment, moment , 


C Cm C 
H1 mean 0.49080 0.03063 -0.00113 0.04595 


0.34683 

std. dev.| 0.001691 | 0.000111 | 0.000105 | 0.000191 | 0.002257 
| | 
H2 | mean | 0.49832 | 0.3235 | 0.00005 | 0.04547 | -0.34720 | 
std. dev.| 9.002140 | 0.000323 | 0.000104 | 0.000371 | 0.001443] 
H3 | mean 0.49432 | 0.03248 | 0.00004 | 0.04536 | -0.34792 | 
| std. dev.| 0.002094 | 0.000136 | 0.000144 | 0.000378 | 0.001710] 
H4 | mean 0.49784 | 0.03230 | 0.00024 | 0.04508 | -0.34663 | 
std, dev.| 0.002363 | 0.000273 | 0.000137 | 0.000462 | 0.002027| 
| | 

H5 | mean | 0.50125 | 0.03261 0.00000 | 0.04590 | -0.34887 
std. dev.| 0.000242 | 0.900242 | 0.000091 | 0.000192 | 0.001932| 

H6 | mean 0.49187 | 0.03238 0.00011 | 0.04531 | -0. 34595 
std. dev.| 0.002288 | 0.000284 | 0.000095 | 0.000414 | 0.102034 
H7 | mean | 0.48099 | 0.03144 | 0.00052 | 0.4498 | -0.34707 | 
| std. dev.| 0.002649 | 0.000199 | 0.000138 | 0.000493 | 0.002460} 

H8 mean 0.49352 | 0.03183 0.0066 | 0.04466 | -0.34585 

std. dev.| 0.001302 | 0.000230 | 0.000130 | 0.000258 | 0.00118 
H9 | mean | n.49079 | 0.93151 | 0.00054 | 0.04521 | -0.34700 | 
| std. dev.| 0.002079 | 0.000230 | 0.000112 | 0.000508 | 0.001967} 

H10 mean 0.49345 | 0.03228 0.90081 | 0.004626 | -0.34777 
std. dev.| 0.002781 | 0.000282 | 0.000142 | 0.000372 | 0.002132 
H11 mean 0.49153 | 0.3299 | 0.00054 | 0.4505 | -0.34726 | 
std. dev.| 0.002217 | 0.000550 | 0.900130 | 0.000275 | 0.001615] 
H12 | mean | 0.49286 | 0.03135 | 0.00066 | 0.4623 | -0.35101 | 
{ std. dev.{ 0.003377 | 0.000359 | 0.000138 | 0.000575 | 0.002447] 
H13 | mean | 0.50044 | 0.03186 | 0.00086 | 0.04528 | -0.34861 | 
std. dev.| 0.902125 { 0.900209 {| 0.000089 | 0.000295 | 0.001396] 

H14 mean 0.49020 | 0.02343 0.00078 +| 0.96729 | -0.36325 
std. dev.{ 0.902184 | 0.000937 { 0.000561 | 0.000599 | 0.001658 

| 

H15 mean 0.48491 | 9.02407 0.00283 | 9.06631 | -0.36418 

std. dev.| 0.002739 | 0.900758 | 0.000532 | 0.000517 | 0.001570 
14 


TABLE 3. (CONT.) 


Pitching Rolling Yawing 
Run # | Lift, | Oraq, | Moment | Moment | Moment | 
Cy C 


H16 mean | 0.49814 | 0.02098 | 0.00094 0.06284 | -1, 36428 | 


| 0 
std. dev.}| 0.093350 | 0.901065 | 0.000143 | 9.000467) 9.003015| 


0.92318 | 0.00111 | 0.06348 | ~0. 36443 | 


| 
0.002227 ie 9.000845 
| 0 
| 0 
| 


H17 
0.000243 | 0.000301{ 0.902368 
H18 mean | 0.48845 .02087 0.00238 0.06150 | -9, 36745 


| 
| 
| std. dev. 
| 
| 


std. dev. | 0.002512 - 000619 | 0,990628 | 0.000460} 0.902683} 
| 


Vertical Wing Position 


TABLE 3. 


(CONT. ) 


BALANCE DATA 


Pitching 
Run # | Fa Sle 6 oe | Draq, | Moment , 
| Cy | Cp | Cy 
V1 | mean | 0.48081 | 0.01884 | 0.00762 
| std. | 0.004247 | 0.000887 | 0.90019? 
v2 | mean {| 0.47513 | 0.91901 | 0.00247 
| std. dev | 0.902174 | 0.090785 | 0.009097 
V3 mean 0.47761 | 0.91879 | N,ONAN3 
std. dev.| 0.002405 | 0.009655 | 0.000171 
v4 | mean | 9.48278 | 9.92R95 | 0.90432 
| std. dev.| 0.903126 | 9.000688 | .909N07) 
| | | | 
V5 mean | 0.48478 | 0.03139 |-0.90332 
std. dev | 9.002608 | 0.aN91@ | 9.000070 
V6 mean 9.49735 | 1.92764 |-0,00328 
std. dev.| 0.991970 | 0.000962 | 9,0nN052 
v7 mean 0.50388 | 0.03092 Pees 
std. dev.| 0.002576 | 9.000827 | 9.000035 
ve mean 0.50864 | 0.93130 {-0.09178 
std. dev.| 9.902432 { 0,00N519 { A.0NN035 
| | | | 
v9 |} mean | 0.50755 | 0.03184 {-0.90192 
| std. oe 0.902251 | 0,900694 | 0.000024 
V19 | mean | 0.48940 | 0.03133 |-0.n0104 
| std. 2) 0.003239 | 0.900652 { 0.000031 
| 
vil mean | 0.49269 | 0.93744 |-0.nNNg3 
std. eae 9.903345 | 0.000517 | 0.900019 
| | 
V12(a) | mean | 0.48838 | 9.03213 |-0.00N14 
(O=1915N/M2)| std. dev.| 0.003129 | -.0NN449 | 0.000015 
| | | 
v12(b) mean 0.49303 | 0.93332 |-0.00034 
(0= a oaine) std. dev.| 0.995895 | 0.000522 | 0.000023 
| | | 
V12(c) mean 0.50072 0.03307 |-0.00N5) 
(Q=2394N/M2)1 std. dev.| 0.906089 | 0.000870 | 9.900034 
| 
16 


pone 


Yawing Pitcning 
Moment , Moment. , 
| Cy | Cy | 
nes ae | 
ad Dae | 
| 9.01076 | -0.34874 | 
| 0.000338] 0.003038| 
| 
| 0.91112 | -0.35071 | 
| 9.000152] 0.001983] 
| | | 
| 9.90971 | -9.35058 | 
| 0.090495} 001931 
| 
| 9.92492 | -0,34742 | 
| 0.000175} 0.0N2414} 
| | | 
{| 9.92722 | -0.34054 | 
| eee N, ANENGA 
| 0.93032 | -9.34118 | 
| 9.900235] 9.901 325| 
| 
{ 0.93662 { -9.33775 | 
| n.090210| ces 
| 9.03899 | -0,23450 | 
0.0n0745{ 9.001345} 
| | 
{ 9.93929 | -0,22615 | 
| 0.900191 ane 
| 0.03687 | -9,327529 | 
{| O.ann25e8| 0.an24K6 | 
| | | 
| 0.93677 [ -0.32529 | 
| 9,0NN312{ ,9N2313| 
| 
| 0.93522 | -0.32397 | 
| A,aNN3N2| 0.902337| 
| | | 
| 0.03643 | -9,37554 | 
| 0.900571} 9.90365? | 
| | 
0.93687 | -0.33198 | 
9.004138 | 


mean 
std. dev. 


0.49694 
0.903709 


0.50191 
0.002749 


0.49693 
0.003342 


0.49651 
0.004306 


0.59137 
0.002288 


0.59040 
0.003407 


TABLE 3. 


| 


| 
| 
| 
| 


! 
| 


Draq, 
Cp 


0.03265 
1.009569 


0.02993 
0.001791 


0.03317 
0.000639 


0.03089 
0.000956 


0.93295 
9.000643 


9.03575 
9.900244 


CONCLUDED 


Pitch, 
Cm 


-0.00N28 


0.000032{ 0.000321 | 


-0.00057 
0.000029 | 


| 

| 

| 

| 

| 

| -0.00056 
| 0.000035 
| 

| 

| 


-0.00055 
0.090019 | 


-9.00055 
0.000028 


-9.00050 
ees 


a 


0 


0 
| 0 
0 


1.03887 


Roll, 


Yaw, | 
Cy 


Cy 


-1.32366 | 
0.002267 


-03712 


93855 
.000470| 


-0. 32388 
0.002283 | 


-0.32134 | 
0.092283 


.03846 
.000301 | 


-9.32077 


.0N0421{ 0.002804 | 


- 93881 
- 900174 


-0.32311 
0.001887 


.03822 | -0.32482 
sONeee 0.001797 | 
| 


TABLE 4, 
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Nomina: Coordinates for the Fdqes of 
the Wake Velocity Survey Sub-Planes 


Sub-plane — | v/c min y/c max z/c min z/c ma 
+ Besta ante ba Ns 
A | -2.2 | 1.9 \- | N,3 
B | =A.5 ; 0.5 | 805 } 0.3 
| | 
Cc | -0,2 ; 0.2 | -0.15 | 0.15 | 
| | | | | 
D | -0.1 | 0.1 | ~0.} | o.1 | 
E* { -0.005 { 0,905 { -0.3 0.3 | 
| | 
fe | -0.3 { 2063 { -0.005 0.905 
| | | | | 
Ge* {| varies | varies | varies {| varies = | 
* Centered on tip vortex 
** G planes were sized to follow the wina's viscous wake 
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